, microbial respiration (dehydrogenase activity, DHA), and ecoenzyme activity (EEA) were measured in 4 zones of similarity in the northern Gulf of Mexico (GOM). DHA and EEA reflected the differences in C and N availability associated with proximity to the discharges of the Mississippi and Atchafalaya Rivers, and EEA represented the interface between microbial demands for, and environmental supplies of, nutrients. , based on M, TC, and sediment bulk density, was correlated with sediment chemistry (0.17−0.90), and with DHA (0.50). All measured chemistry, DHA, EEA, and modeled decomposition parameters exhibited significant cruise, zone, and sediment depth effects, but few significant interaction effects. Structural equation modeling (SEM) revealed a causal relationship between sediment chemistry, EEA, and DHA, explaining 46% of the variance in DHA. As such, the relative activities of the functional classes of ecoenzymes are both a measure of nutrient availability and ecosystem metabolism that may be used to assess large-scale phenomena, such as regional impacts of anthropogenic disturbances.
INTRODUCTION
There are more than 400 scientifically documented cases of eutrophication-induced coastal zone hypoxia (Diaz & Rosenberg 2008) . The earliest reports were from the Adriatic and Black Seas, but coastal hypoxic zones are now associated with most major population centers and with drainage basins dominated by agricultural land uses that export large quantities of nutrients (Rabalais et al. 1996 , Diaz & Rosenberg 2008 , Conley et al. 2009 , Bianchi et al. 2010 . Coastal zone hypoxia ranges from periodic to persistent with the majority being seasonal, summer occurrences (Diaz & Rosenberg 2008) . Such is the case with the northern Gulf of Mexico (GOM), where the vertical salinity gradients, driven by freshwater inputs from the Mississippi River, causes stratification of coastal waters and limits mixing of the more aerated surface layer with the less aerated (hypoxic) lower layers. Organic matter derived from terrestrial sources and produced by phytoplankton in response to Mississippi River nutrient influx, fuels respiration beneath the pycnocline leading to hypoxic or anoxic waters and sediments (Rabalais et al. 1996 , Arnosti & Holmer 2003 , Emerson & Hedges 2006 , Bianchi et al. 2010 .
Organic C processing in GOM sediments involves both aerobic and anaerobic pathways, following a thermodynamic cascade of electron acceptors: O 2 , followed by NO 3 − , MnO 2 , Fe 2 O 3 , and SO 4 2− reduction, and finally methanogenesis (Emerson & Hedges 2006 and SO 4 2− reduction become the dominant respiratory pathways (Emerson & Hedges 2006 , Morse & Eldridge 2007 . Regardless of the respiratory pathway, the oxidation of reduced carbon compounds, such as glucose, results in the release of 4 electrons which are transported via dehydrogenase enzymes (DHA) into the respiratory electron transport system of microbial cells (Emerson & Hedges 2006) .
Organic matter diagenesis in the open ocean is dominated by water-column processes such that approximately 90% of the organic matter in suspension is aerobically decomposed before reaching the sea bed (Emerson & Hedges 2006) . In shallow, continental shelf regions of the ocean, such as the northern GOM, 80 to 90% of the water-column particulate organic matter sinks to the sea bed before being decomposed (Morse & Eldridge 2007 , Bianchi et al. 2010 . Once deposited on the sea bed, organic matter is processed by both aerobic and anaerobic processes, with the relative balance between oxic and anoxic respiration depending on the amount of organic matter loading and the influx of oxygenated waters. In oligotrophic systems, where organic matter loading is low, benthic respiration may be predominantly aerobic, but under large organic matter loading related to eutrophic conditions, benthic respiration is mainly anaerobic and dominated by sulfate reduction (Jorgensen 1982 , Sampou & Oviatt 1991 .
Cellular respiration is the primary pathway for organic C mineralization. Whether the respiration occurs in the presence of O 2 or not, the same electron transport system (ETS) supports the generation and transfer of electrons (e − ) as the C-containing compound is degraded and energy released (Broberg 1985) . Respiration associated with GOM sediments has been measured as O 2 consumption or production of dissolved inorganic carbon (e.g. Rowe et al. 2002 , Murrell & Lehrter 2011 , Lehrter et al. 2012 ), but may also be measured as ETS activity using DHA (Trevors et al. 1982 , Broberg 1985 , Hill et al. 2002 . DHA, which can be used in both aerobic and anaerobic environments, provides a measure of the activity of oxidation−reduction enzymes responsible for dissociating H + from H 2 O, generating 2 e − for the ETS process. Measurement of DHA is based on intercepting e − flow through mitochondrial and microsomal ETS using a surrogate electron acceptor, 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetra zolium chloride (INT), which has a redox potential slightly higher than that of the coenzyme UQcytochrome b complex and similar cytochrome electron acceptors used by prokaryotic organisms (Packard 1971 , Broberg 1985 ) and have different respiratory enzymes, DHA measurement is nonetheless applicable to anaerobic ETS activity (Packard 1971) . On a molar basis, 2 moles of DHA are equivalent to 1 mole of CO 2 respired (Broberg 1985) .
Nutrient cycling in aquatic ecosystems is mediated by microbial assemblages and their metabolic activities. In addition to cellular respiration, microbial assemblages produce ecoenzymes to catalyze the degradation of organic matter in order to acquire organically-bound carbon and nutrients (Sinsabaugh & Foreman 2001 , Arnosti et al. 2009 , Sinsabaugh et al. 2009 ). Several terms have been used to describe the distribution or origin of enzymes found outside of microbial cells, including extracellular enzymes, ecto enzymes, and exoenzymes, with varying definitions. In recent papers, we use the term ecoenzyme to broadly encompass all enzymes located outside the confines of intact cell membranes regardless of whether such enzymes enter the environment by secretion or lysis (Sinsabaugh et al. 2009 ). This definition provides the closest correspondence between environmental enzyme activity and organic matter decomposition. Of particular interest are glycosidases (linked to labile organic carbon processing), glucosaminidases and peptidases (chitin and protein degradation resulting in nitrogen acquisition), and phosphatases related to phosphorus acquisition. Micro bial ecoenzyme activity (EEA) is positively related to sediment nutrient concentrations (Sinsabaugh et al. 2009 ), organic carbon lability (Arnosti et al. 2009 , Sinsabaugh & Follstad Shah 2011 , and microbial metabolism (Hill et al. 2010 .
Microbial carbon use efficiency (CUE) is a measure of the relative apportionment of C utilization for microbial growth versus the energetic requirements (as respiration) to support existing microbial biomass (Keiblinger et al. 2010 , Manzoni et al. 2012 . Values for CUE range from near zero to a thermodynamic maximum of 0.60, though empirical estimates from a wide range of conditions converge on a CUE value of 0.30 . Higher CUE suggests more efficient growth and lower C losses (respiration, excretion) to the environment (Manzoni et al. 2012) . CUE decreases with increasing temperature, though the response is weak within the temperature range of most studies (Manzoni et al. 2012 ). Resource C:N:P stoichiometry has proven to be a more important regulator of CUE, with increasing C and/or decreasing N and P availability resulting in declining CUE (Manzoni et al. 2012 . CUE declines with declining C quality (increasing proportion of refractory C), and is inversely related to soil moisture and O 2 concentration in the substrate (Manzoni et al. 2012 .
The role of microbial enzymes in organic matter decomposition is widely recognized, and several models have been proposed to capture the interactions between enzyme activity, available C and N, and CUE (Sinsabaugh & Moorhead 1994 , Schimel & Weintraub 2003 , Moorhead et al. 2012 ). The models have demonstrated that both C quality and the stoichiometric balance between C and N availability regulate microbial production and orga nic matter decomposition. Herein, we examined the relationships of DHA and EEA with C, N, and P from the sediments of the hypoxic region of the Louisiana continental shelf.
The objectives of this paper were to (1) explore microbial respiration (DHA) and EEA in sediment cores from the Louisiana shelf of the northern GOM, (2) investigate changes in DHA and EEA with sediment depth and across the 4 zones of similarity (sensu Lehrter et al. 2012) , and (3) compare microbial DHA and EEA to sediment C, N, and P availability. The results indicated that DHA and EEA, and hence CUE and modeled respiration (R m ), were sensitive to spatial patterns of C, N, and P as dictated by proximity to the Mississippi and Atchafalaya Rivers. Thus, ecoenzyme activity may be a good proxy for evaluating system responses to eutrophication, as well as linking changes in C, N, and P loading to alterations of sediment carbon cycling.
MATERIALS AND METHODS

Site selection
Sediment samples from the northern GOM hypoxic zone were collected from 41 cores along the Louisiana continental shelf during 6 cruises in 2006, 2007, and 2010 (Fig. 1) . The GOM survey design included sites representative of the Mississippi River plume, near plume, far plume, and in-shore zones of similarity (Lehrter et al. 2012) . These 4 zones of the Louisiana Shelf were hypothesized to have differing degrees of hypoxia related to proximity to freshwater influence and depth. ).
Sediment collection and analyses
Sediment cores were collected using a hydraulically-dampened multi-core (Ocean Instruments MC-400, Ocean Instruments). The multi-core collected 4 replicate cores, 3 of which were used for measurements of sediment -water fluxes of C and nutrients (Lehrter et al. 2012 ). The remaining core was used for chemical analyses. Core lengths ranged from 16 to 20 cm, except for the August 2010 cruise, when only surface (0 to 4 cm) sediment was collected. The chemical analysis core was sectioned (2 cm intervals) on the ship, frozen, and returned to the laboratory for analyses of total carbon (TC), nitrogen (TN), phosphorus (TP), DHA, and EEA. Previous studies (Broberg 1985 , Lee et al. 2007 , DeForest 2009 , Burns et al. 2013 , and tests in our lab revealed no consistent differences between samples that had been processed fresh, stored refrigerated (4°C), or stored frozen (−20°C). As has been our practice for large-scale aquatic surveys (Hill et al. 2006 (Hill et al. , 2010 , all samples were frozen as soon as possible after collection, and stored frozen until analyzed, thus yielding a sample that has been consistently stored and processed, one that provides a snapshot of microbial DHA and EEA at the time of sampling, and one that is comparable to a large body of published values.
Upon thawing, sediment water content was determined gravimetrically and percent solids were used to calculate available C, N, and P content on a dry weight (DW) basis. Sediment samples were dried and ground for nutrient analysis. Sediment TC and TN were determined by the combustion method using an elemental analyzer (Model 1112EA, Carla Erba Instrumentazione). Samples for sediment TP were first digested in reagent grade concentrated HNO 3 using a microwave digester (Anton Paar Multiwave, Anton Paar), neutralized with 10 ml NaOH, diluted to 100 ml with deionized water, and analyzed by the molybdate-ascorbic acid method (APHA 1998).
Microbial respiration and extracellular enzyme activity
Sediments collected from each site were thawed, mixed, and analyzed for DHA and EEA. Duplicate samples for DHA analysis were mixed with 2.5 ml of sterile H 2 O and 1 ml of 0.75% 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride (INT) standard, sealed, agitated, and incubated (dark, 27°C) for 3 h. The resulting substrate concentration (0.16% by sediment volume) was within the range deemed saturating, but not toxic, for sediment and biofilm samples (Broberg 1985 , Blenkinsopp & Lock 1990 . Duplicate analyses without a killed control were deemed acceptable based on our previous experience (Hill et al. 2002 (Hill et al. , 2010 ) that indicated variance among replicates was much less than the variance among sites. Incubations were terminated by adding 8 ml of methanol. Samples were centrifuged (2000 × g) for 5 min and the supernatant analyzed for absorbance (428 nm) using a Perkin Elmer UV (Model Lambda 20) spectrophotometer (Perkin Elmer Life and Analytical Sciences). Sample absorbance was compared to a standard INT curve (prepared for each sample batch) and normalized by incubation time and sediment DW to calculate DHA activity (nmol h −1 g −1 DW). Carbon acquisition was measured as β-D-glucosidase activity (BG: EC 3.2.1.21); nitrogen acquisition was measured as the sum of β-N-acetylgluco sa minidase (NAG: EC 3.2.1.50) and L-leucine aminopeptidase activity (LAP: EC 3.4.11.1); phosphorus acquisition was measured as acid phosphatase (AP: EC 3.1.3.2), and sulfur acquisition was measured as aryl sulfatase (SULF: EC 3.1.6.1) activity. The glycosidase, aminidase, aminopeptidase, phosphatase, and sulfatase assays used substrates linked to either methylumbelliferyl (MUB) or methyl-coumarin (MCM) residues (Sigma-Aldrich). All EEA assays used the microplate protocols originally developed by Sinsabaugh and colleagues (Sinsabaugh et al. 1997 , Foreman et al. 1998 , Sinsabaugh & Foreman 2001 , as modified by Hill et al. (2010) . Substrate stocks and reference solutions were prepared in sterile deionized water. Stock solutions containing 200 µmol of substrate l −1 were added to 200 µl of sediment, resulting in saturating concentrations when diluted for each assay with sterile deionized water and acetate buffer (pH 5). Enzyme assays included quadruplicate analyses for each enzyme, positive and negative controls, and reference standards. Numerous assays were conducted to de termine the best reaction times, and these many repetitions assured us of the result. Quenching, the decrease of fluorescent emissions caused by the interactions of enzyme substrates with non-reactant chemicals in the assays, was estimated by comparing the fluorescence of the supernatant of standards mixed with sediment slurries (sediment + buffer) to that of the standard solution mixed with buffer. We incubated the microplates for various times, depending on substrates, at 20°C for MUBlinked substrates and at 30°C for MCM-linked substrates. Fluorescence was measured using a fluorometer (Model FLX800T, BioTek Instruments) with an excitation wavelength of 350 nm and an emission wavelength of 450 nm. We reported extracellular enzyme activity as substrate accumulated per unit of sediment over time, adjusted for emission coefficients calculated from standards, and corrected for quenching (nmol h −1 g −1 DW). We used microbial enzyme activity and stoichiometry to determine the nutrient limitation and CUE for each sample analyzed. Nutrient limitation was based on deviations from expected ratios of C-, N-, and Pacquiring enzyme activities (Sinsabaugh & Moorhead 1994 , Sinsabaugh et al. 2009 . CUE was predicted as a saturating function based on N and P supply relative to C availability ).
Organic C decomposition rate (M, % d −1
) was modeled using a microbial enzyme allocation model (Sinsabaugh & Moorhead 1994) . We substituted CUE, as calculated by Sinsabaugh et al. (2013, their Eq. 4 
Statistical analyses
We compiled descriptive statistics (mean ± standard error of the mean) for sediment C, N, and P concentrations, and microbial DHA and EEA related to C, N, P, and S acquisition. We tested the differences between cruises, zones of similarity, sediment depth, and their interactions using a Type III General Linear Model of an unbalanced, nested sampling design. Correlations between sediment chemistry and microbial activity were evaluated by Spearman rank correlation (r) to avoid problems associated with nonnormal data distribution. Relationships between DHA, EEA, and R m were analyzed using ordinary least squares regression of natural log-transformed sample means. All analyses were done using SAS for Windows, release 9.2 (SAS Institute).
Structural equation modeling
We used structural equation modeling (SEM) to assess the strengths of the interactions between sediment chemistry, EEA, and DHA. SEM is a form of general linear and multivariate modeling that uses empirical data and theoretical models to facilitate the investigation of explicit connections between stressor and response variables (Grace et al. 2010 ). We described these relationships as a series of linked, structural equations, and tested the validity of those equations using the PROC CALIS procedure in SAS. The resulting correlation matrix was tested for goodness of fit (χ 2 test), and the multiple regression model that emerged from that analysis was used to estimate the relative strengths of the relationships described in the conceptual model. All data were log-transformed to meet the assumptions of multivariate normality. Lehrter et al. (2012) for φ, [O 2 ] BW , and SOD at the same sites as those sampled in this study. The average OPDs ranged from 1.32 mm in Zone 4 to 2.92 mm in Zone 2 (Table 1) . Thus, only the surface samples for ecoenzyme analyses may have been impacted by oxygen in the sediments.
RESULTS
OPD was calculated from data presented in
We compared TC, TN, and TP concentrations at 2 cm increments along the 16 to 20 cm depth of the sediment cores collected from the GOM sampling locations (Fig. 2) . Samples from each of the 6 cruises were significantly different, but since the goal of the project was to characterize the sediment chemistry-EEA relationships within the zones of similarity, and there were no Cruise × Zone interaction effects, except for TN (Table 2) , the data from the 6 cruises were combined (Table 1) . Similarly, only TN exhibited a significant core depth effect. Thus, samples from the 6 cruises were combined to give average sediment chemistries for the 4 zones of similarity. Microbial DHA and EEA, with the exception of [NAG + LAP] and SULF, declined with increasing core depth (Table 2, Fig. 3a−d) We also compared TC, TN, and TP concentrations (averaged for each core and across cruises) between the 4 zones of similarity in the northern GOM hyp oxic zone. Sediment TC, TN, and TP all exhibited significant differences between zones (Tables 1  & 2) . Microbial DHA, EEA with the exception of [NAG + LAP], CUE, M, and R m were also significantly different between the zones of similarity (Table 2) .
Sediment TC, TN, and TP, over all cruises, zones, and depths, were all positively correlated with each other (r = 0.18−0.62; Core depth (cm) (Table 3) . CUE was positively correlated with TN and TP, and with DHA, [NAG + LAP], and SULF (Table 3) ; M and R m were positively correlated with all chemistry and microbial variables (Table 3) . SEM revealed a significant causal relationship between sediment chemistry, EEA, and DHA (Fig. 6) . (Schimel & Weintraub 2003 , Cleveland & Liptzin 2007 , Sinsabaugh et al. 2009 ). Ecological stoichiometric theory (EST) emphasizes the importance of the balance of biologically important elements for regulating an organism's response to, and regulation of, their environment (Sterner & Elser 2002) . EEA represents the interface between microbial demands for, and environmental supplies of, carbon and nutrients, effectively linking the EST (Sterner & Elser 2002) with the concept of threshold elemental ratios (TER; Frost et al. 2006) . EST proposes that biomass production and nutrient retention are governed by elemental ratios and the stoichiometric invariance of biomass; TER is the critical C:N or C:P ratio at which metabolism switches from energy flow (C acquisition) to nutrient limitation (N or P acquisition). There are several models that link ecosystem-level interactions of organic matter, nutrients, and the role of microbial processes in the mediation of energy flow and nutrient cycling (Sinsabaugh & Moorhead 1994 , Schimel & Weintraub 2003 , Moorhead et al. 2012 ). These models highlight the interplay between microbial C acquisition to meet metabolic demands and the stoichiometric N and P requirements to support that level of metabolism. Sinsabaugh et al. (2009) used EEA stoichiometry to demonstrate the interaction of EST, TER, and the metabolic theory of ecology (MTE; Allen & Gillooly 2009 ). MTE states that metabolism is the means by which organisms interact with their environments and the collective organisms' metabolism scales to the ecosystem level through energetic invariance, as evidenced by the positive correlation of our DHA measures and our estimated R m for GOM sediments (Fig 5d) . Sinsabaugh et al. (2009) used these models to predict microbial biomass C, N, and P from EEA stoichiometry. As such, the relative activities of the functional classes of ecoenzymes are both a measure of nutrient availability and of ecosystem metabolism that may be used to assess large-scale phenomena such as regional impacts of anthropogenic disturbances.
The diagenic model described above suggests that most of the organic matter reaching the benthic zone is processed near the sediment surface, and this is reflected in decreasing sediment chemistry, DHA, EEA, M, and R m with increasing sediment depth. The relatively high, and nearly constant, CUE suggests that the GOM benthic microbial community is efficient at converting available C into biomass, and that the conversion of C into biomass is limited by C, N, and P availability. CUE ranging from 0.33 to 0.56 indicates that more than half of the available C is being lost through respiration, resulting in decreasing C availability with increasing sediment depth. The similarity of the slopes of TC, TN, and TP losses with increasing sediment depth (Fig. 2a−c) indicates that, despite the respiratory C losses, a relatively constant C:N:P stoichiometry is being maintained, supporting the idea that rapid re-mineralization of labile dissolved organic C is driving benthic metabolism in shallow coastal systems. Arnosti & Holmer (2003) suggested that a rapidly turned-over DOC pool is necessary to support the levels of C oxidation measured in coastal sediments. They further indicated that a significant portion of this C oxidation occurs via anaerobic pathways (e.g. SO 4 2− , Fe 2+ , and Mn 2+ reduction) resulting in many of the products of respiration being reduced forms of C and N subject to recycling back into anaerobic respiration and fermentation (Childs et al. 2002 , Emerson & Hedges 2006 , Morse & Eldridge 2007 . This recycling of reduced products supports and stabilizes hypoxic/ anoxic conditions in the GOM, a feature termed the 'memory' or 'legacy' of nutrient enrichment and organic matter loading (Turner et al. 2008 , Conley et al. 2009 , Bianchi et al. 2010 . A general assumption about sediment organic carbon is that it becomes more recalcitrant with increasing sediment depth, and this reduction in labile C availability limits microbial metabolism. However, Schimel & Weintraub (2003) provide evidence that recalcitrant C is not necessarily the limiting factor, and that microbial metabolism is more often limited by N availability. The interaction of recalcitrant C, N limitation (resulting in greater sequestration), and C and N recycling supports our observations of declining microbial activity with a constant CUE and declining C and N availability with increasing sediment depth.
Sediment microbial DHA and EEA also reflect the differences in C and N supply associated with the 4 zones of similarity. The prevailing wisdom states that coastal marine waters are primarily N limited (due to denitrification and P recycling), with periods and locales of P limitation (Sylvan et al. 2006) . These watercolumn stoichiometries translate into spatial and temporal patterns that relate to the zones of similarity. P limitation of phytoplankton productivity is associated with higher Mississippi River flows during the spring, and with proximity to the Mississippi River plume and the coastal current that extends west from the Mississippi River beyond the mouth of the Atchafalaya River. N limitation is the rule for all other times and locales on the Louisiana Shelf (Sylvan et al. 2006 ). This pattern is consistent with our analyses of northern GOM shelf sediments, which are relatively P rich and N depleted. These differences are reflected in the DHA, EEA, and R m data, with DHA and R m highest near the Mississippi and Atchafalaya River plumes (Zones 1 and 2), suggesting an abundance of labile C and available N to support microbial metabolism. DHA and R m decline with decreasing N availability in the remaining zones. These zonal differences are especially noticeable in the relative amount of N-acquiring ([NAG + LAP]; Table 2 ) enzyme activity, which unexpectedly de cli nes under N-limiting conditions. This contradictory result suggests N limitation that is so severe as to inhibit microbial metabolism, a result consistent with the enzyme model predictions (Schimel & Weintraub 2003) .
The present study demonstrates the utility of micro bial enzymes related to microbial respiration (DHA), nutrient acquisition (EEA), and organic matter decomposition (M and R m ) for assessing ecosystem functions in benthic marine ecosystems. The proposed structural equation model quantified the linkages between sediment chemistry, EEA, and DHA. The spatial pattern of sediment microbial activity in the northern GOM is consistent with physico-chemical differences reported for the different zones of similarity (Lehrter et al. 2012) , and provides some insight into relative C-and N-limitation of microbial activity. The change in microbial DHA and EEA with increasing sediment depth supports the concepts of nutrient recycling within the benthic environment, and the tight coupling of DHA and EEA with sediment chemistry suggests that microbial enzymes might provide insight into the importance of legacy effects on recovery from hypoxic conditions. 
